(A) Introduction
The major salivary gland systems of mammals present a rare, if not unique, opportunity for the study of the genetic and developmental mechanisms underlying individualization of three pairs of closely related organs of the body whose separate contributions are distinctive but which, in concert, represent optimized responses to a nearly infinite variety of environmental conditions. The closeness of their functional relationship is paralleled by many similarities within their respective developmental programs. There are also striking differences. Here we review many of these similarities and differences with respect to patterns of organogenesis, growth, and differentiation. This is seen as a prelude to recognizing and differentiating among those developmental processes that are generic to organ formation, those leading exclusively to formation of salivary glands, those determining salivary gland type, and those regulating cell identity. An understanding of this regulatory hierarchy is essential if we are to be able, in the future, to treat salivary gland insufficiency with bio-therapeutic approaches, such as gene transfer or selected cell replacement.
Salivary glands have several features that make them an unusually useful experimental system for the investigation of basic questions concerning the mechanisms of development. All types of salivary glands develop through a similar pattern of morphogenesis that is driven by elements in the extracellular matrix (ECM), fetal hormones, and finally the profiles of cells that differentiate in each. Differentiation of these parenchymal cells is initiated early in the sequence of salivary gland develop-ment by an obligatory interaction between oral epithelium and its adjacent mesenchyme and neurons. Then, within the epithelial rudiment, the processes of cellular differentiation cause the channeling of salivary epithelial cells into a biochemically diverse group of exocrine cellular phenotypes. The different pathways of salivary cytodifferentiation include non-secretory and secretory cells. The non-secretory cell types are mostly ductal, and their differentiation will not be covered in detail.
However, the possibility that a multipotential stem cell population exists in certain ducts and persists into adulthood will be evaluated. The secretory cells may be classified within the two broad categories of serous and mucous (or seromucous) exocrine cells. In both groups, each secretory cell secretes a specific array of proteins that is its unique biochemical "signature". There is a great deal of both variability and flexibility in the functional roles of different salivary proteins; some proteins have more than one function, and several different proteins can contribute to the same function. This provides considerable redundancy and permits the extraordinary taxonomic variability seen in the distribution of salivary proteins. The extent to which these secreted proteins are cell-type-specific is also highly variable. Examples of this include the absolute restriction of a protein to a single salivary cell type, the synthesis of a protein in more than one salivary gland but not in other organs, and the expression of a gene in one or more salivary gland types as well as other non-salivary organs. Furthermore, among different salivary glands, the same protein may be produced in homologous or non-homologous cell types. Arguably, this reflects the existence of a number of different levels of regulatory controls that might be susceptible to experimental identification and manipulation.
The patterns of repair and regeneration in adult salivary glands suggest that they harbor the potential for growth and renewal in a stem cell population within the intercalated ducts. In addition, nearly all of the differentiated cell types of the adult glands retain the ability to replicate. Thus, powerful mechanisms are in place to maintain the parenchymal cell component of gland function. However, from what little has been observed, it appears that division by both stem cells and differentiated cells contributes, to various degrees, to the proliferation side of normal parenchymal cell turnover, depending on cell type, gland type, and gender. The mechanisms coordinating the relative contributions by stem cells and by mature parenchymal cells are not known. By comparing the processes in different glands and cell types, within the umbrella of the closely related salivary glands, one can search for the common threads that lead to an understanding of the control of proliferation. In the future, manipulation of these processes might yield a therapeutic approach for restoring impaired salivary gland function.
(B) Early Processes (1) THE NATURE OF REGULATORY EVENTS IN EARLY EMBRYOGENESIS
The central question about the earliest steps in salivary gland development is, What determines their locations and their individual identities? Lacking substantive investigations of these issues in mammals, we explore available mechanisms that address similar problems in Drosophila. In Drosophila, the first steps of embryogenesis are orchestrated by anterior-posterior and dorsal-ventral gradients of activators and repressors of transcription (for review, see St. Johnston and Nusslein-Volhard, 1992) . Initially, the segmental body plan is established along the anterior-posterior axis in response to the anterior-posterior gradient. Inherent positional differences between segments of the Drosophila embryo and relative location in the dorsal-ventral gradient within each segment then activate specific morphogenetic genes whose role is to begin regionally specific programs of transcription. Many of these regulatory genes contain a sequence coding for the 60-amino-acid DNA-binding domain called the homeobox. Homeobox genes as well as others involved in early Drosophila embryogenesis are largely conserved in both structure and function in vertebrates and other animals (McGinnis and Krumlauf, 1992) .
(2) THE DROSOPHILA MODEL FOR SALIVARY GLAND POSITIONING Recent studies in Drosophila suggest a model for those regulatory events which determine the sites where salivary glands will form. The positive action of the homeobox-containing gene Sex combs reduced (Scr) dictates the locations where Drosophila salivary glands will develop (Panzer et al., 1992) . Heat-shock-activated Scr minus mutants fail to initiate salivary gland formation. However, at an earlier stage shortly after gastrulation, Scr is also critical for directing the appropriate development of the posterior head segment and anterior thoracic segment of the embryo (Zeng et al., 1993) .
Since the salivary glands normally form only in the ventro-lateral portion of the posterior head segment, the next mechanism to be understood is how the area of influence of the Scr gene relative to salivary gland formation is reduced to these areas. In this regard, as the developmental stage for salivary gland formation approaches, there is no apparent change in the transcription of the Scr gene throughout the segment (Andrew et al., 1994) . However, by mechanisms not yet understood, the product of the decapentaplegic (dpp) gene appears to establish a region of nonpermissibility in the dorsal portion of the two segments, yielding a dorsal limit of Scr activity (Panzer et al., 1992) . A ventral limit of permissibility is similarly established by dorsal (dl)-dependent gene products, possibly the sim (single-minded) protein. Both dpp-and dl-dependent genes are involved in dorso-ventral pattern formation. The dl gene gradient of influence is established during oogenesis (Anderson and Nusslein-Volhard, 1986) . Opposing the dl gene product gradient stemming from the ventral side, the dpp gene produces a transforming growth factor P (TGFp)-class protein that is localized in the dorsal 40% of the embryo (St. Johnston and Gelbart, 1987) .
A third gene, teashirt (tsh), is also involved in restricting the site of salivary gland formation in Drosophila. The tsh gene encodes a protein containing a zinc finger motif that is necessary for midgut formation (Mathies et al., 1994) . In addition, as part of its role in the anterior thoracic segment, it inhibits the expression of Scr (Andrew et al, 1994) . Thus, future salivary gland formation is limited only to relatively small areas on each side of the posterior head segment, bounded by dpp dorsally, dl-dependent products ventrally, and tsh posteriorly. The anterior boundary of each salivary gland field is limited by the lack of expression of Scr in the adjacent head segment. The Scr gene product in the salivary gland placode activates the forkhead (fkh) gene to produce a protein that is closely related to mammalian transcription factor HNF-3ot (Lai et al., 1991) . At earlier stages, the fkh gene is indispensible for the broader development of the ectodermal portions of Drosophila foregut and hindgut (Weigel et al, 1989) . The Scr gene product also activates the geneproducing transcription factor, cyclic AMP (cAMP)-responsive element-binding protein (dCREB-A), in embryonic Drosophila salivary gland placodes (Smolik et al., 1992) . The dCREB-A protein is homologous with mammalian CREB, a transcription factor involved in signal transduction. Unlike fkh, dCREB-A transcription is first seen in Drosophila development at the restricted sites of salivary gland development, and may be under the direct control of the Scr gene (Andrew et al., 1994) . The transcription of dCREB-A appears to continue to be exclusive to the salivary glands throughout the larval period, but is found in numerous tissues in the adult (Smolik et al., 1992) .
(3) ACTIVITIES OF HOMOLOGOUS MAMMALIAN GENES
The validity of the Drosophila model for initiation of salivary gland formation in mammals remains to be tested. Homologs of several of the key Drosophila homeotic genes have been identified in mice. The homolog of Scr is hox-I.3 (also called hox-A5; Zhao et al., 1993) . In situ hybridization indicated that it is broadly expressed during early mouse embryogenesis and subsequently becomes more restricted to thoracic structures. This restriction of activity to areas other than the presumed sites of future salivary gland formation near the junction of ectoderm and endoderm within the oral cavity (Redman and Sreebny, 1970a) suggests that hox-1.3 cannot be involved. However, observations using other more sensitive techniques do not necessarily support this conclusion. Immunocytochemistry for the hox-1.3 gene product and Northern blots both showed a wider distribution, including the head at later stages, and persistence of the transcript in some cranial tissues into adulthood (Odenwald et al., 1987; Tani et al., 1989) . Thus, a role for hox-1.3 in determining the sites of salivary gland formation cannot be ruled out. The HNF3/fkh family of transcription factors is found early in the mammalian embryonic endoderm, Henson's node, notochord, and the floor plate of the neural tube (Ruiz i Altaba et al., 1993; Sasaki and Hogan, 1993) . Later, there is a general association with the developing gut and endodermally derived organs that stretches into adulthood (Ang et al., 1993) . However, at nine days post coitum, near the time when delineation of salivary gland fields might be expected, one of the family members, HNF-3p, extends beyond the endoderm into the ectodermally derived portion of the oral cavity (Monaghan et al., 1993) , placing it at or near the putative sites of salivary gland formation. in addition, two other HNF3/fkh family members, MF-I and MF-2, are expressed in the head mesenchyme, including that derived from the neural crest (Sasaki and Hogan, 1993) . The cranial neural crest cells are considered to be ancestral to the mesenchyme of salivary glands (Noden, 1984) . It is not known if the CREB gene is transcribed during early mammalian salivary gland development. However, the parotid and submandibular glands of rodents respond to the 1-adrenergic drug, isoproterenol, soon after birth, indicating that a cAMP-mediated signal transduction system is present (Schneyer and Shackleford, 1963; Ekfors et al., 1972) . Whether genes for this system are among the first to be activated in the path leading to mammalian salivary gland development remains to be seen.
The two genes responsible for forming the gradients underlying dorso-ventral pattern formation in vertebrates are bone morphogenetic protein 4 (BMP-4) and chordin (chd) (Holley et al., 1995) . BMP-4 is the vertebrate homolog of dpp which plays the same pattern formation role in Drosophila and, as noted above, establishes the dorsal boundary of the salivary primordia in Drosophila. chd is the vertebrate homolog of dl-dependent short gastrulation (sog). Though sog does not appear to be involved in Drosophila salivary gland development (Panzer et al., 1992) , as noted above, the ventral limits of salivary placode formation are set by another dl-dependent gene, sim. In view of the remarkable gene sequence and functional homologies that have emerged between Drosophila and vertebrate pattern formation genes (for complete listing and references, see Stein et al., 1996) , it is conceivable that the regions destined for subsequent mammalian salivary gland formation are formed by the pat-tern formation genes that are homologous to those performing this task in Drosophila. Mice lacking either HNF-31 or BMP-4 are not informative in this regard, because they result in embryonic arrest before salivary gland formation (Weinstein et al., 1994; Hogan, 1995) .
(4) OTHER MORPHOGENETIC GENES WITH CRANIAL ACTIVITY IN MAMMALS
Lim 1 is a mouse regulatory gene that is first expressed in the organizer region of the early embryo. It is critical for development of the head (Shawlot and Behringer, 1995) . Embryos homozygous for the null mutation lack all head structures anterior to the otic vesicles. Mice lacking hox-1.5 survive to birth but exhibit multiple organ defects, including a reduced amount of submandibular gland tissue (Chisaka and Capecchi, 1991) . The pax-3 gene is expressed in cranial neural crest cells and, as such, might represent a step on the pathway to salivary gland specification (Gruss and Walther, 1992) . The msx genes are the mammalian homologs of the Drosophila msh (muscle segment homeobox) gene. Msx-1 (previously hox-7. 1) is expressed early in the cranial neural crest cells, and later in facial neural crest derivatives (Hill et al., 1989 ). This includes the mesenchyme which surrounds the oral cavity (MacKenzie et al., 1991) . Msx-2 (previously hox-8) is also expressed in the cranial neural crest cells but in a more limited range. Later, with regard to tooth development, mesenchymal msx-2 expression becomes limited to those sites of future tooth formation. Soon thereafter, the overlying oral epithelium also begins to express msx-2 (MacKenzie et al., 1992) . This expression is maintained throughout formation of the epithelial enamel organ. Msx-l expression is continuous in the mesenchymal cells of the dental papilla but never extends to the cells of epithelial origin. This juxtaposition of msx-I and msx-2 expression coincident with a differentiation-dependent epithelial-mesenchymal interaction suggests that they play an active role in this common organ-forming step (MacKenzie et al., 1992) . The pattern of anomalies of mice deficient in msx-1 supports this view (Satokata and Maas, 1994) . Whether or not these observations can be extrapolated to the obligate epithelial-mesenchymal interaction that takes place in salivary glands soon after the beginning of morphogenesis (Cutler, 1977; Redman and Ball, 1978) remains to be shown. Interestingly, BMP-4, which is also associated with epithelial-mesenchymal interactions, is apparently the activator of msx-I and msx-2 gene expression in cranial mesenchyme (Vainio et al., 1993) . This observation contributes another reason to anticipate that BMP-4, the homolog of dpp, is involved in vertebrate salivary gland positioning and formation.
(5) RETINOIC ACID Retinoic acid appears to play a central role in the earliest phases of salivary gland development in mice. Production of mice lacking certain retinoic acid receptors has been linked with reduced or abolished expression of several morphogenetic genes (Lohnes et al., 1993; Boylan et al., 1995 (Lohnes et al., 1994 (Lohnes et al., , 1995 . While many of the other cranial defects noted in these mice are developmentally linked to the neural crest cells that originate from the forebrain and midbrain regions, the affected tissue of the salivary glands is epithelial. However, this is not unique, since several of the eye defects in the retinoic acid receptor null mutants involve lens epithelium (Lohnes et al., 1994) . These defects, which ranged from lens agenesis to incomplete separation from the parental ectoderm, were interpreted to suggest that the initial inductive interaction between optic vesicle and surface ectoderm which then forms the lens is retinoic-acid-dependent. The epithelial-mesenchymal interaction critical to salivary gland formation is, in many ways, analogous and thus might also require retinoic acid at this step for development to proceed normally.
(6) ORIGIN OF THE THREE MAJOR TYPES OF SALIVARY GLANDS
There is little precedent to suggest how the divergent developmental paths of the three major salivary gland types are initiated, though it is clear that pattern formation gene expression can exhibit spatial precision. Regional specialization of the anterior brain involves expression of five morphogenetic genes in a pattern with both temporal and spatial constraints (Boncinelli et al., 1993) . In principle, the tooth development model has much in common with multiple salivary types. Each tooth represents an independently developing organ system with its own timetable and unique characteristics, as well as many characteristics common to all teeth. Using degenerate primers and polymerase chain reaction (PCR) to assess expression during tooth development in mouse fetuses, investigators have shown that 13 different morphogenetic gene transcripts were represented (Weiss et al., 1994) . It was suggested that this variety of gene products reflected the mechanisms for specifying not only the common processes of tooth development but also those which are unique to produce the differences between teeth. We can only speculate that an analogous complex pattern of morphogenetic gene expression is responsible for the earliest specification of salivary gland diversity.
(C) Beginnings of Organogenesis The basic features of salivary morphogenesis and secretory differentiation have been thoroughly described for the major salivary glands (Borghese, 1950; Grobstein, 1953; Redman and Sreebny, 1970a; Lawson, 1972; Ball, 1974b; reviewed by Redman, 1987) . A solid bud develops from the oral epithelium and grows inwardly into a condensed mass of embryonic cranial mesenchyme. A mesenchymal stimulus causes formation of clefts which subdivide the initially solid epithelial rudiment into a highly branched epithelial "tree". After a few days, the end-buds and branching duct system form central lumina, as the cells differentiate an epithelial barrier, with junctional complexes and a basal lamina (Cutler and Chaudhry, 1974; Redman and Ball, 1978) . In the submandibular and sublingual glands, the pattern of branches is compact, while in the parotid gland, the epithelial tree is looser, with more mesenchymal space between the growing epithelial cords. In the rat, these events occur over the period 14-18 days post-conception, and in the mouse almost two days earlier. In humans, the comparable period of development is about 8-18 weeks. In the submandibular gland of the mouse, the branching epithelium has been shown to serve as a specific template for the branching of the nerves from the submandibular ganglion (Coughlin, 1975) .
(2) SECRETORY DIFFERENTIATION As the branching rudiment begins to form a coherent barrier epithelium, the cells show the first signs of their differentiation as protein-secreting cells, through the formation of extensive rough endoplasmic reticulum, an active Golgi complex, and the first secretion granules (Redman and Sreebny, 1970a; Yohro, 1970; Yamashina and Barka, 1973; Cutler and Chaudhry, 1974) . At about the same time, the first secretory proteins are detectable by cytochemical, immunocytochemical, and biochemical procedures (Yamashina and Barka, 1973; Ball, 1974a; Denny et al., 1989; Moreira et al., 1990; Ball et al., 1991 Ball et al., , 1993 . In the parotid gland, development is slower, with secretion granules first appearing one day after birth (Redman and Sreebny, 1971 (Cutler and Rodan, 1976) , and becomes progressively responsive to P-adrenergic stimuli between one and six days post partum, due to the increase in receptor density (Cutler et al., 1981) . This increase was found to parallel the ingrowth of sympathetic nerve fibers during this time period, suggesting the stimulation of receptor production by the nerves (Bottaro and Cutler, 1984; Cutler et al., 1985) . In vitro, there is isoproterenol-stimulated release of amylase and Bi-immunoreactive proteins (Bi-IP, see below) from the four-day submandibular gland (Ball and Nelson, 1978a; Ball and Redman, 1984) , and of Bi-IP from the sublingual gland at five days (Ball et al., 1988a) .
With respect to the parotid gland, the findings vary. Some laboratories have shown the parotid to be refractory to 3-adrenergic stimulation of both adenylate cyclase and protein secretion prior to two weeks post partum (Grand et al., 1975; Grand and Schay, 1978; Ludford and Talamo, 1983) . On the other hand, under somewhat different conditions of secretory stimulation, isoproterenol markedly stimulates secretion of amylase by the four-day parotid (Ball and Nelson, 1978a) , and of Bi-IP by the five-day parotid (Ball et al., 1988a Since the early studies by Grobstein (1953 Grobstein ( , 1967 , the submandibular gland has been considered to be the classic example of mesenchymal specificity in embryonic tissue induction. However, with ensuing refinements in culture conditions and cell-specific marker detection, mesenchymal specificity now appears to be limited to its ability to influence the pattern of epithelial branching. This was clearly illustrated by studies showing that epithelia of all three major salivary glands showed a more compact branching pattern with submandibular gland mesenchyme than with parotid mesenchyme (Ball, 1974b) . Thus, the branching patterns resembled those of the parent mesenchyme regardless of the source of the epithelia. In contrast to its effect on the epithelial branching pattern, mesenchyme appears to have little or no effect on the fate of the epithelial cells. In heterotypic tissue recombinations, the well-demonstrated capacity of submandibular mesenchyme to impose its own compact pattern of branching on other epithelia was assessed after recombination with epithelial rudiments of the parotid (Lawson, 1972) , mammary gland (Sakakura et al., 1976) , and embryonic palatal epithelium destined to become adult oral and nasal epithelium (Tyler and Koch, 1977) . In each case, the mesenchyme forced on the epithelium a salivary-like branching pattern; however, the type of cytodifferentiation obtained remained obdurately typical of the original epithelial phenotype. Extrapolating from these observations, it appears likely that determination of salivary gland type occurs before the tissue interactions take place.
(2) CYTODIFFERENTIATION AND MORPHOGENESIS There are several studies which indicate that cellular differentiation within the salivary glands can be uncoupled from the branching, suggesting that there are different regulatory mechanisms for each process. The following experiments and observations yielded the probable mechanism for induction of cytodifferentiation. In the study by Cutler (1980) , epithelial rudiments of the rat submandibular gland at 16 days post-conception (early branching) were able to undergo cytodifferentiation in the absence of mesenchyme, but those at 15 days (unbranched rudiment) were not. Interestingly, this time window is the period during which mesenchymal cells or neurons and epithelial cells have been reported to breach the basal lamina and establish close and transient attachments, appearing to form rudimentary cell junctions (Cutler, 1977) . This type of interaction between epithelial cells and mesenchymal cells lasts for only two days and occurs at no other time or stage of submandibular gland development. Similar transient attachments have also been reported in the sublingual gland at a comparable stage of morphogenesis (Redman and Ball, 1978 ). It appears possible that fixation of cellular phenotype may be completed during this time period, before the mechanisms that accomplish morphogenetic growth have been fully engaged, and it is conceivable that the intercellular contacts are involved in the transmission of important developmental signals. Additional reading about the epithelial-mesenchymal interaction is available in the extensive review by Cutler and Gremski (1991) .
While it now seems clear that branching morphogenesis is not essential for cytodifferentiation, the converse may not be true, and it may not be possible for embryonic rudiments to undergo glandular morphogenesis without first having been directed into a functionally appropriate pathway of cytodifferentiation. We do not know of an example of an organ rudiment that has undergone morphogenesis without also having displayed a pattern of cytodifferentiation characteristic of either the epithelium or mesenchyme. This is in contrast to the expression of a specific pathway of cellular differentiation documented in submandibular glands (Cutler, 1980) and the pancreas (Spooner et al., 1977) , in the complete absence of morphogenesis. In the embryonic pancreas, mRNAs for the cell-type-specific proteins somatostatin, insulin, and glucagon are expressed well before any morphological definition of a pancreas rudiment is evident (Gittes and Rutter, 1992) . It makes sense that the prior expression of relatively specific genes might then entrain the engagement, from a more limited set of options, of a particular set of genes specifying products relevant to morphogenetic processes, e.g., adhesive molecules, basal lamina components, cell-surface proteoglycans, receptors for growth factors, and/or extracellular matrix molecules, etc. (Young and van Lennep, 1978; Pinkstaff, 1980 Pinkstaff, , 1993 Although the pattern of cellular differentiation in the submandibular gland is the most complex of the major glands, we will begin with the submandibular gland because it has been the basis of our most recent efforts to understand salivary gland development in terms of the expression of the genes for cell-restricted marker ( 1997) proteins. Its pattern of cellular differentiation is related, in a complex way, to the cytodifferentiation of the sublingual and parotid glands, and so it can serve as a suitable point of reference. This general description and the timing of specific events in development are primarily based on data obtained from the rat, but data derived from the mouse are also presented and specifically identified. In terms of salivary gland development, the mouse is about two days more mature than the rat at the same fetal day. Parturition in the mouse is at 19 days post-conception, compared with 22 days in the rat. The first observable events in the cellular differentiation of the exocrine cells of submandibular glands begin within a few days following the onset of the morphogenesis described above. This differentiation is of exocrine cells which have been shown in rats to acquire a transient secretory system, well-differentiated but of unknown functional significance (Ball and Nelson, 1978a) . The secretory cells are of five distinct types, based on the ultrastructural characteristics of their secretion granules (Cutler and Chaudry, 1974) . However, the vast majority of cells present perinatally fall within only two of the categories, Type and Type III (Ball and Redman, 1984) . Type cells have uniformly electrondense secretion granules, while Type III cells have secretion granules that are moderately electron-dense with lucent, tubular-like substructures. At this stage of development, mouse submandibular glands also predominantly contain two distinct secretory cell types, secretory terminal tubule and proacinar, which, based on the toluidine blue staining properties of their secretory granules, appear to be analogous to the Type I and Type III cells, respectively, of rats (Yamashina and Barka, 1972; Denny etal., 1988) .
(3) SECRETORY PROTEINS OF TYPE III CELLS The Type III cells of rats and proacinar cells of mice are positive for secretory peroxidase reactivity in the fetus and neonate, and they secrete it upon l-adrenegic stimulation (Strum, 1971, Yamashina and Barka, 1974; Cutler et al., 1981; Denny et al, 1988) . Previous studies had shown that transient levels of secretory amylase and ribonuclease are also secreted in response to 3-adrenergic stimuli, suggesting that these too may be present in the Type III cells (Ball, 1974a, Ball and Nelson, 1978a,b) . The major secretory products of rat Type 111 cells are a group of related proteins named the BI-immunoreactive proteins (Fig. 1,16 -30 kDa), based on their common reactivity with polyclonal antibodies to the prominent component, Protein BI (26 kDa) (Ball and Redman, 1984; Ball et al., 1988a Redman, 1984 , Ball et all, 1988a Ball, 1993) There is another protein that has much the same tissue distribution and ultrastructural localization as the BI proteins, but which is encoded by an unrelated gene, In rats, this protein is called common salivary protein I (CSPI ), because it is present in all three major salivary glands in one or more differently glycosylated forms (Girard et al., 1993) . The homologous transcript in mice, P20, exhibits a similar gland-and cell-type distribution, though its abundance in neonatal and adult submandibular glands appears to be much less in mice than in rats (Bekhor et al., 1994) The submandibular gland-specific mucin secreted by mature acinar cells.is also detectable in the secretory granules of the proacinar cells (Type 111) in mice (Denny et al., 1988) (4) SECRETORY PROTEINS FOUND IN TYPE I CELLS Type I cells secrete in response to cholinergic stimulation and produce a protein that is called Protein C (89 kDa) (Ball and Redman, 1984; Ball et alc, 1988a,b tiated Type III cells (Fig. 2 , Ball et al., 1988b) . A third class of protein, with different distribution and regulation, is represented by Protein D (175 kDa). In contrast to the marked cell specificity of the BI and C proteins, Protein D is present in both cell types. This protein is mostly localized at the luminal surface of the membrane of secretion granules and may be membrane-associated (Fig 3) . Its apparent membrane association is much more striking in Type I than in Type III cells . Thus far, no other secreted protein has been detected that is common to the two cell types in the perinatal rat submandibular gland. This pattern of gene expression is consistent with the hypothesis that Type I and Type III cells represent different cellular lineages. However, in the perinatal mouse submandibular gland, both cell types exhibit immunoreactivity for the mature acinar cell-specific mucin (Denny et a!., 1988) . This set of observations is consistent with the idea that both of the major secretory cell types of the neonatal submandibular gland are ancestral to mature acinar cells. Each of the two hypotheses for the lineage of acinar cells has had many adherents over the years. The question remains to be resolved. (Man et al., 1995) . (Yamashina and Barka, 1974; Moreira et al., 1990 Girard et al., 1993 (Chang, 1974) , and the quantity of Protein C decreases to very low levels after 20 days . In contrast to the 'perinatal" proteins identified in the rat, the concentration of acinar-cell-specific mucin per unit total protein in the mouse submandibular gland at birth falls within the concentration range observed in adult submandibular glands, though there are no identifiable mature acinar cells present in the gland at this age (Denny et al., 1988) . This mucin is first detectable at 17 days post-conception, coinciding with the second day of the epithelial-mesenchymal interaction critical for cytodifferentiation (see above ; Denny et al., 1989 (Moreira et al., 1990 . By the end of the second week, most of the Type III cells have been changed into histologically recognizable, seromucous acinar cells with high levels of the acinar cell marker proteins. In the rat, the transformation of Type III cells to mature acinar cells is remarkably direct. Electron microscopic immunocytochemistry has shown the adult marker protein GRP to be synthesized in cells that continue to synthesize the perinatal B 1-reactive proteins and is packaged with them in the same secretion granules (Moreira et al., 1989) . These secretion granules show distinct changes in morphology once they begin to acquire adult proteins. They lose the highly organized arrangement of lucent substructures within a dense matrix, showing instead a less regular arrangement of lucent and dense regions. During this transitional phase, the Bi-immunoreactive and CSPI reactivities are seen in the dense regions and the adult proteins in the lucent regions (Moreira et al., 1989; Girard etal., 1993) .
By nine days post partum, the secretion granules of many cells have the morphological appearance of mature seromucous cells, having a largely lucent matrix with some denser threadlike substructures. By 20 days, this morphological differentiation is complete (Cutler and Chaudhry, 1974) . By 30 days, no Bl-reactivity was detectable in the acinar cells immunocytochemically (Moreira et al., 1990) , and very little signal was seen on Western blots of gland homogenates or Northern blots (Mirels and Ball, 1992) . To this point in development, CSPI behaves essentially the same as the Bi proteins. Northern blots showed very low levels of CSPI mRNA (Girard et al., 1993) . The overall quantity of B 1-reactive proteins in the gland remains very low throughout adulthood. In contrast, CSPI message accumulation then increases sharply in the male, and at 45 days and at three months, is similar to the level seen in the neonate. Mouse P20 (CSPI homolog) transcripts show a uniformly low abundance throughout development and into adulthood in both males and females (Bekhor et al., 1994) . As discussed below, the adult expression of both Bl proteins and CSPI is primarily in the intercalated ducts. The change in peroxidase activity during later post-natal submandibular gland development is peculiar. Like the Bi-reactive proteins, peroxidase activity reaches a maximum level in the early neonate and dramatically declines by the end of the second post-natal week. Following this, however, peroxidase activity increases again to reach a level in the adult that is almost the equivalent of that seen in the neonate. In contrast to the enzyme of the neonate, however, this peroxidase does not appear to be localized in secretion granules, although it is secreted on stimulation with isoproterenol (Yamashina and Barka, 1974) . In contrast to the submandibular gland, for both developing and mature adult parotid glands, peroxidase is consistently localized in secretion granules (Redman and Field, 1993) .
A somewhat confusing sidelight to the otherwise straightforward differentiation of Type III cells into mature seromucous cells is the acquisition by the maturing cells of low levels of material that is reactive with antibodies to Protein C. Although Type III cells are completely unreactive for Protein C when they first appear, they become reactive as they acquire adult marker proteins during their transformation into mature acinar cells. The adult acinar cells retain a low level of Protein C reactivity and also low levels of Protein D reactivity; the latter is no longer localized at the periphery of the secretion granules. It has not been determined whether the persistence of these immune reactivities in the adult is due to the presence of the authentic Protein C and D molecules that were identified and characterized in the neonatal glands, or to other, cross-reactive proteins that appear during the maturation of the gland (Moreira et al., 1990; Ball et al., 1991 ).
(7) INTERCALATED DUCTS
The intercalated ducts are the smallest elements of the salivary parenchyma. They are continuous with and drain the acini, and join together to form higher-order intercalated ducts that lead, with a fairly abrupt transition, into the highly specialized granular ducts which are characteristic of submandibular glands in many rodents. In some cases, intercalated duct cells have been shown to have secretion granules (Young and van Lennep, 1978) . These cells, referred to here as granular intercalated duct cells, are most often found near the ends of the intercalated ducts that connect to acini (Pinkstaff, 1980;  Qwarnstrbm and Hand, 1983; Letic-Gavrilovic et al., 1990) . This cell population continues to be of considerable interest because it has been suggested to be a remnant of the perinatal submandibular gland phenotype.
Granular intercalated duct cells are found in adult submandibular glands of both male and female rats but only in adult female mice (Pinkstaff, 1980) . In the rat submandibular gland, typical adult acini have no B1-reactivity, and very low levels of Proteins C and D (Ball et al., 1988a (Ball et al., ,b, 1991 Moreira et al., 1990 Fig. 4 ; Moreira et al., 1990) . This exclusivity has since been confirmed more generally by light microscopic immunocytochemistry (Man et al., 1995 labeled cells were in positions near acini. This was particularly common for cells that were reactive for Protein C ( Fig. 3 ; Man et al., 1995) . The secretory granules of the granular intercalated duct cells of adult female mouse submandibular glands appear to contain consistently low levels of acinar cell-specific mucin (Denny et al., 1988) . In the mouse, these cells appear to resemble most closely the secretory terminal tubule cells (Type I) of the perinatal gland CSPI, although it is expressed at a much higher level than the Bl proteins, also appears to be confined to intercalated ducts in the adult gland. Although its co-localization with BI has not yet been established by studies using the two antibodies, the morphological distribution of the CSPI-labeled intercalated duct cells and the absence of CSPI reactivity from those intercalated duct cells that appear similar to Type cells suggest a cellular distribution that is at least similar to that of the BI proteins (Girard et al., 1993) . The functional significance of the maintenance of high levels of CSPI in the intercalated duct of adult male glands is unclear (8) B I-REACTIVE ACINI Electron microscopic studies failed to reveal Bl-labeling in adult acini (Ball et al., 1988a; Moreira etal., 1991) , however, the greater areas visualized in the light microscopic procedures showed occasional groups of acini with high levels of Bl -reactivity (Man et al., 1995) . These were highly atypical adult acini, having all of the immune reactivities of neonatal Type Ill cells, including high levels of Bl and D reactivity, no Protein C labeling, and no reactivity for the mature acinar cell protein, GRP They were smaller than the typical adult acini and often located at the tips of lobules It was suggested that these might be replacement acini going through a stage of differentiation similar to that seen during normal embryogenesis and neonatal development, before becoming mature acinar cells (Man et at., 1995) . In what may be analogous structures, acini composed partially or entirely of granular intercalated duct cells were observed in adult female mouse submandibular glands (Denny et ai., 1990a) . They have not been tested for Bl -reactivity, however.
(9) "SUBLINGUAL GLAND-LIKE" ACINI IN THE SUBMANDIBULAR GLAND In adult rat submandibular glands, acini containing mucous cells resembling those of sublingual glands are occasionally observed in areas near Bl-reactive acini (Man ET AL., 1995) . These sublingual gland-like acini do not react with antisera against the typical submandibular gland proteins noted above, but showed strong reactivity with antiserum against sublingual gland mucin Some acini appeared to be hybrids, with sublingual mucous cells occupying the central positions bounded by submandibular gland acinar cell protein-positive acinar cells in a "demilunar" configuration (Man et al., 1995) .
(10) GRANULAR DUCTS The granular ducts are located between the intercalated ducts and the striated ducts of many species of rodent submandibular glands (Pinkstaff, 1980 , Gresik, 1994 . They appear to differentiate from striated duct cells beginning about two weeks after birth (Cutler and Chaudhry, 1975) . The granular duct cells synthesize a number of biologically active proteins, such as epidermal growth factor (EGF) and nerve growth factor (NGF), whose different levels of production in adult males and females often reflect gender dimorphism in this segment of the ductal tree (for review, see Gresik, 1994) The above cell-specific markers have been used to identify and describe immature-appearing granular duct cells as intermediate" cells (Hazen-Martin and Simson, 1984) .
These cells form a region of the ductal tree, called the striated granular duct (Pinkstaff, 1980) . However, the striated granular duct is not located between the striated and granular ducts, as one might expect from the developmental origin of the granular duct cells, but is found at the junction of the intercalated and granular ducts As will be seen later, in adults, granular duct cells appear to differentiate from intercalated duct cells, passing through the striated granular duct stage (Denny et al) 1993a). Granular ducts are absent from both parotid andl sublingual glands. However, it has been frequently noted that, occasionally, isolated mature granular duct cells are found among the striated ducts of the sublingual gland (Gresik, 1994) . These cells appear to contain the appropriate complement of proteins and show the appropriate hormonal responses of legitimate submandibular gland granular duct cells (Gresik and Barka, 1983 (1997) known about how or why cell types characteristic of one salivary gland appear ectopically in another, such as reported here and in the previous section. However, one can entertain the possibility that this phenomenon yields insight into the general mechanisms that regulate salivary gland diversification in development. These observations then suggest that, in terms of gene regulation of salivary gland development, very little separates the different salivary gland types.
(F) Sublingual Gland (1) HISTOLOGY In rats, mice, and other rodents, the sublingual gland is a mixed gland; its secretory components consist entirely of mucous acini with serous demilunes (Young and van Lennep, 1978) . During prenatal development, the serous cells and mucous cells both appear as newly differentiated secretory cells at 18 days post-conception, and until 20 days are present in a disordered mosaic arrangement within the forming acini. Between 20 days and parturition at 22 days, they become sorted out, and the serous cells move to the periphery in a demilunar configuration that is characteristic of the adult sublingual and other mixed glands (Redman and Ball, 1978) .
(2) PERINATAL AND ADULT PROTEIN PHENOTYPES From the time of their first appearance in the fetus and early neonate, the secretion granules of the demilune cells are reactive with antibodies raised against two classes of marker proteins previously identified in the Type 111 cells of the perinatal submandibular gland, that is, the BI-immunoreactive proteins and Protein D ( Fig. 1 ; Ball et al., 1988a) . As in the submandibular gland, Protein D label appears to be associated with the secretion granule membrane. In contrast to submandibular gland acinar cells, however, sublingual gland demilune cells retain these proteins into adulthood, and the adult cellular phenotype is very similar to that established in the fetal gland. In both the neonate and adults, Western blots show the ma jor BI-reactive component at 27 kDa, another BI-reactive band at 18 kDa, and Protein D at 175 kDa (Ball et al., 1988a) . Still another phenotypic link between the submandibular and sublingual glands is the presence of CSPI (and P20) in the serous demilunes of the sublingual glands; indeed, the mRNA abundance in the sublingual is more than 10-fold higher than in the submandibular gland, and appears to be the same in males and females of both rats and mice (Girard et al., 1993; Bekhor et al., 1994) .
The acinar cells of the neonatal sublingual gland, like those of the adult, appear to be typical mucous cells, based on their morphology and their positive staining for both acidic and neutral carbohydrate (Redman and Ball, 1978) . The major mucins of adult sublingual glands of rats and mice have been isolated and partially characterized. Based on size, amino acid and carbohydrate composition, and antigenicity, investigators have concluded that the sublingual gland mucin is very different from the mucin found in the seromucous acinar cells of the adult rodent submandibular gland (Moschera and Pigman, 1975; Roukema et al., 1976; Denny and Denny, 1984; Tabak et al., 1985; Culp et al., 1991; Man et al., 1995) . Recent comparison of cDNA sequences of mucin transcripts from mouse submandibular and sublingual glands revealed very little homology between the two and confirmed their separate genetic origins (Denny and Denny, unpublished) . Moreover, the rat sublingual gland lacks the glutamate/glutamine-rich proteins that are characteristic of rat submandibular gland acinar cells (Moreira et al., 1989; Mirels et al., 1990 ). An isoproterenol-inducible cysteine proteinase inhibitor (cystatin) characterized in the submandibular gland can also be induced in the sublingual gland, but cannot be detected constitutively (Bedi, 1989a,b (Pinkstaff, 1980) . Like the sublingual gland, the developing parotid histologically appears to differentiate directly into the mature stage Sreebny, 1970a, 1971) . However, it develops more slowly than either of the other major salivary glands, in terms of both prenatal morphogenesis and its postnatal accumulation of secretory proteins (Redman and Sreebny, 1971; Lawson, 1972; Ball, 1974a (Ball, (1969) as Ml and M2. M2 has since been found to be identical to a prominent secretory protein of the rat epididymis, acidic epididymal glycoprotein (Charest et al., 1993) . The homolog to the protein originally identified as MI in the rat (Robinovitch and Sreebny, 1969) was subsequently characterized in the mouse and called parotid secretory protein, PSP (Owerbach and Hjorth, 1980) . Rat PSP (M 1) has extensive sequence similarity to the mouse protein (Mirels and Ball, 1992) . The anti-Bl antiserum that recognizes the B -IP of the neonatal rat submandibular gland also reacts with both mouse and rat PSP. Like the BI-immunoreactive proteins, transcripts of CSPI in rats and P20 in mice are relatively abundant in the adult parotid gland (Girard et al., 1993; Bekhor et al., 1994) . However, in both species, the transcripts are distributed exclusively in cells throughout the parotid gland intercalated duct system of adults rather than in acinar cells. Interestingly, the cells producing CSP1 change during parotid development. CSP1 co-localizes with amylase in the cell clusters at the ends of branching ducts from birth to 14 days of age in the rat parotid (Sivakumar et al., 1995) . By this age, most of these terminal cells have the histological appearance of mature acinar cells. By 18 days, CSP1 is seen in both acinar and intercalated duct cells. After 25 days, CSP1 is found only in intercalated duct cells. Amylase is found only in acinar cells at all ages. These observations clearly illustrate that cell-typespecific "fingerprints" can change during development. They are also consistent with observations that follow suggesting that important changes in parotid gland gene regulation occur between 14 and 20 days after birth.
(3) ACCUMULATION OF SECRETORY ENZYME
ACTIVITIES DURING DEVELOPMENT
The developmental chronology of parotid secretory proteins was first described in terms of the levels of catalytic activity of several digestive enzymes. Noncoordinate increases in enzymatic activity included RNase and amylase, which begin to accumulate shortly after birth (Redman and Sreebny, 1971; Ball, 1974a) , and DNase, which is not detectable until the end of the second week post partum (Ball, 1971; Redman and Sreebny, 1971) .
Measurement of catalytic activities can, however, be misleading. The RNase measurable at four days post partum appears not to be a secreted protein, since its release is not effected by isoproterenol under conditions that do result in amylase secretion (Ball and Nelson, 1978a) . Amylase has also been localized in secretory granules two days after birth (Tanaka et al., 1981) . Like amylase and DNase, a secretory peroxidase shows very low levels during the first two weeks post-conception and a major increase in the third week (Redman and Field, 1993) . Here, however, the enzymatic activity is seen in secretion granules in the first postnatal week, and presumably is secreted.
(4) AMYLASE GENES AND THEIR EXPRESSION DURING DEVELOPMENT c-amylase, the best known of the salivary proteins, represents a multigene family, members of which are selectively and variably expressed in the pancreas, parotid gland, and liver (Crerar et al., 1983) . Pancreatic and salivary amylase are not identical in the mouse or in the rat (Sanders and Rutter, 1972) . They represent different but highly homologous genes within the multigene family Crerar et al., 1983) . In the mouse, the parotid and liver amylases are identical proteins, but are translated from two different mRNAs. These are encoded by a single gene and have a common protein coding sequence, but they contain different 5' nontranslated sequences, and their transcription is controlled by different promoters (Young et al., 1981) .
Amylase activity in the rat parotid shows a low, but highly significant, increase from 17 to 18 days post-conception, and stabilization of this level through 21 days post-conception before the beginning of the next major increase at birth (22 days post-conception) (Ball, 1974a) . Superficially, at least, this is consistent with the concept of a protodifferentiated state as developed in the Rutter laboratory (Rutter et al., 1967 (Rutter et al., , 1968 . The apparent sustained increase in amylase activity seen to begin at birth in the rat parotid may be misleading, since, in the mouse, postnatal expression of amylase in the parotid has been shown to involve the sequential expression of the two different promoters (Young et al., 1981) . The weaker, downstream promoter that controls amylase synthesis in the liver is activated in the first week post partum, and remains active into adulthood. The strong, parotid-specific promoter is active in a few cells at two weeks, and the number of cells using this promoter increases dramatically in the third postnatal week; in the adult parotid, most amylase synthesis is directed by mRNA from the strong promoter (Shaw et al., 1985) . In the rat, a biphasic postnatal increase in amylase-specific activity, with the second phase beginning at 18 days post partum, is reasonably consistent with the gene expression data obtained for the mouse (Redman and Sreebny, 1971; Shaw et al., 1985) . In the adult, the levels of expression of mRNAs for these two major secretory proteins are coordinated with respect to differences between strains and changes in response to experimental treatments (Poulsen et al., 1986) . The data on their coordination during postnatal development are somewhat in conflict. Poulsen and collaborators (1986) confirmed that expression of the amylase gene is biphasic, reflecting the sequential activation of the two promoters. They found, however, that the PSP mRNA accu-mulation from postnatal days 3 to 21 is more linear than biphasic, with levels of PSP transcripts higher than those of amylase during this period. This disparity results directly from a more rapid transcription of the PSP genes in the first two weeks of development. After 14 days, the dramatic increase in the number of cells using the strong amylase promoter results in a similar rate of accumulation of amylase mRNA. According to Shaw and coworkers (Shaw et al., 1986) , although the rate of PSP transcription during development was greater than that of amylase, PSP and amylase transcripts accumulated with similar kinetics, suggesting different rates of degradation. The reasons for the difference in the relative levels of PSP and amylase transcripts reported by the two groups are not clear. However, both groups found that, in early development, the transcription rate of PSP is greater than that of amylase, and that the time period around 14 days post partum marks an important transition in specific gene regulation in the parotid gland of the mouse.
(6) POSSIBLE COORDINATE REGULATION OF OTHER GENES DNase is also a prominent cell-restricted protein in both the mouse and rat parotid glands (Schramm, 1964) . Although DNase accumulation with development has not been evaluated for the mouse parotid gland, the earlier developmental study in the rat showed a striking increase in specific activity around 15 days post partum (Ball, 1971) . This indicates the possibility of DNase gene expression being coordinated with that of PSP and/or amylase. Similarly, the secreted peroxidase of the rat parotid gland shows a marked increase in activity around this time and thus is also a candidate for coordinate regulation with the other proteins (Redman and Field, 1993) . Whether the 14-day post partum transition in parotid secretory protein transcript production results from an extension of the developmental cascade of regulatory factors or a conditional response to changing external factors, such as transition to solid foods, The primitive cells of developing salivary glands differentiate progressively into the highly specialized cells of the acini, myoepithelium, granular ducts (in rodents), striated ducts, and excretory ducts, with the intercalated duct cells and the basal cells of the larger ducts retaining a simpler morphology bearing some resemblance to that of the cells in the gland anlage (reviewed by Redman, 1987) . Lineages are then deduced from location within the ductal tree and from putative intermediate cytological phenotypes. Unfortunately, unambiguous intermediates are rarely available, and direct observation of differentiation of salivary gland cells in "real time" is still in the future. The problem is complicated further by the presence of subtypes within major adult cell types, e.g., light, dark, and basal cells in striated ducts (Redman, 1995) , and by transient developmental cell types, e.g., mucous acinar cells in rat parotid glands (Taga and Sesso, 1979) , and Types I (secretory terminal tubule) and III (proacinar) cells in perinatal rodent submandibular glands (Jacoby and Leeson, 1959; Cutler and Chaudhry, 1974; Ball and Redman, 1984; Denny et al., 1988) . Histologically, Types I and III cells appear to persist in almost vestigial form in the granular intercalated duct cell population after the animals are weaned, but then they progressively become more conspicuous in older animals (Bogart, 1970; Chang, 1974; Sashima et al., 1988; Ball, 1993) . As discussed earlier, one of the enduring controversies is whether or not these and other transient cell types in the developing gland are indeed intermediates in the lineage of adult parenchymal cells.
(2) PATTERNS OF PROLIFERATION AND DEVELOP-MENTAL POTENTIAL OF ADULT PARENCHYMAL CELLS A pivotal question in salivary gland pathobiology concerns which type(s) of salivary gland parenchymal cells (acinar, myoepithelial, and intercalated, granular, striated, and excretory duct) have the potential to produce the other types of cells in processes of adult parenchymal cell population maintenance and regeneration, and, by implication, also in neoplasia. Such cells must have the capacity to proliferate (to provide enough cells), dedifferentiate (if necessary), and redifferentiate (to provide the appropriate kinds of cells and structures, i.e., acini and the several kinds of ducts). For a number of years, the prevailing theory has been that only relatively undifferentiated stem cells have such a capability (Chaudhry et al., 1972; Zajicek et al., 1985; Batsakis et al. 1989) . However, there are other equally viable alternatives. These are based in part on the fact that well-differentiated cells undergoing mitosis are common in salivary glands in adults (Leblond, 1964; Redman and Sreebny, 1970b; Chang, 1974; Alvares and Sesso, 1975; Hand and Ho, 1985; Schwartz-Arad et al, 1988) and in several experimental models of regeneration after injury (Tamarin, 1971 a,b; Leake et al., 1974; Leeb, 1978; Sans and Galanti, 1979) .
Autoradiographic demonstration of the uptake of 3H-thymidine by cells preparing to divide has contributed immensely to our understanding of the relationship between patterns of proliferation and lineages in adult tissues. In a classic review article, Leblond (1964) classified cell populations of tissues and organs based on their proliferative behavior during development and at maturity. This classification was summarized by Redman (1995) high turnover rates in both developing and adult animals, with the rates of proliferation and loss being balanced in the growth or maintenance of the tissue. These are characterized by almost all of the proliferative activity occurring in relatively undifferentiated stem cells, with some of the daughter cells migrating out of the stem cell pool, differentiating, and losing the ability to divide. The differentiated cells eventually shed off or die. Examples are stratified squamous epithelium and the crypts and pits of the gastrointestinal tract. In renewing populations, the fate of a cell is related to its position. Static populations stop dividing at or soon after birth and so are not replaced during the rest of the life of the organism. The best example is neurons. In expanding populations, the cells proliferate at rates consistent with the growth of the organ or tissue. These rates may become very low at maturity. Leblond's examples were the parenchymal cells of the pancreas, kidney, liver, and muscle. The majority of dividing cells in these organs in adult animals were themselves fully differentiated. Thus, in contrast to renewing populations, undifferentiated stem cells did not seem to be involved. Finally, in neoplastic populations, cellular proliferation continues indefinitely, with cell production exceeding cell losses.
The conclusion which is to be drawn from the above classification system is that the parenchymal cells of the adult salivary glands are all expanding cell populations, given division by differentiated cells and relatively low proliferation rates. Furthermore, this would appear to preclude a role for stem cells under normal homeostatic conditions in adult glands. However, there is no provision in the classification system for the possibility of hybrid situations where both sources of proliferation, stem cell and mature cell, contribute together regardless of whether the overall population is expanding or renewing.
Simply by examination of the proliferation pattern immediately following a 3H-thymidine labeling period, this type of cooperation between the two proliferation systems might not be recognized.
(3) CELL LINEAGES AND DEVELOPMENTAL POTENTIAL BY NUCLEAR TRACKING Because of the stability of 3H-thymidine after it has been incorporated into nuclear DNA, the status of cells labeled in this manner can be monitored over relatively long periods. The first study of this type to address the question of cell lineages in adult salivary glands was by Zajicek and colleagues . In the submandibular gland, cohorts of both parenchymal and (1993) and Denny and Denny (unpublished) . Boxes represent significant gender-based differences within the cell type.
stromal cells appeared to migrate or "stream" along the ductal tree from intercalated ducts to granular ducts and eventually to the striated and excretory ducts. They also observed what was interpreted as cells "streaming" from the intercalated ducts to the acini. They concluded that the rat submandibular gland parenchymal cell populations should be categorized as slowly renewing, with the intercalated ducts harboring the stem cells. Unfortunately, the data from this provocative study also lead to other interpretations For instance, the submandibular glands of young adult male rats continue to grow for several weeks post-pubertally. Thus, it is possible that, during the period of these experiments, the labeled cells seemed to be streaming only because of the accretion of new acini, intercalated ducts, and granular ducts If this were the case, then the salivary gland parenchyma would be more likely to represent an expanding population In addition, there are other possible interpretations that fall outside the scope of this review. Nevertheless, the concepts and methods introduced with this study demonstrated that a more comprehensive approach to understanding cell lineages was needed and was feasible.
In response to the above study, investigations were carried out in adult male and female mouse submandibular glands Coupled with comprehensive evaluations of three-dimensional microstructure, the patterns of parenchymal proliferation were obtained and compared (Denny et al, 1990a,b; Chai et al, 1993) . From Table   l , it is apparent that these patterns in males and females are very different with regard to the acinar, intercalated duct, and granular duct cell populations. Notwithstanding that all of the parenchymal cell types undergo DNA synthesis and mitosis in submandibular glands of both genders, the Leblond classification system favors the suggestion that acinar, intercalated duct, and granular duct cells in the male submandibular gland represent primarily expanding populations. On the other hand, the acinar and granular duct cell populations in female glands would appear to be renewing, with the intercalated ducts providing the stem cells.
Long-term nuclear tracking studies in adult male and female submandibular glands yielded additional information, leading to refinements in the above views A critical element of the long-term nuclear tracking studies is that they can be used to gauge the shifts in position of the 3H-thymidine-labeled cell population over time, relative to unambiguous, stable structural markers. For the mouse study, small "compartments" of a few linear cell widths from end to end were defined that centered on the intercalated duct-granular duct junction and intercalated duct-acinus junction, respectively (Denny et al., 1993a) . The observations were simply to note if, and what proportion of, the IH-thymidine-labeled cell population shifted from one side of the "compartment" to the other during a six-or seven-week period. This approach was fundamentally different from that of the Zajicek group, who relied upon the assumption that duct diameters vary proportionally to the distance from the progenitor or stem cell source Combining the relevant intracompartmental shifts of labeled cells with the extracompartmental labeling of a specific population provided a comprehensive profile of the lineages of all daughter cells. Table 2 shows that, in young adult male submandibular glands, approximately 72% of new cells in granular ducts were derived by division of mature granular duct cells (self-proliferation) Twenty-eight percent were derived from stem cells in the intercalated ducts (differentiation). By contrast, all of the new acinar cells were accumulated from self-proliferation. In young adult females of the same age, 60% or more of new acinar cells and new granular duct cells were derived by differentiation of progeny from stem cells located in the intercated ducts (Table 2) . However, by nine months of age, retired breeder females showed little contribution from stem cells to the acinar cell population, but continued to form granular duct cells from them. A possible explanation is that, at three months of age, the adult female submandibular gland may still be growing (expanding) and older adult females. In these, the intercalated ducts appear to provide both stem cells and the proliferative expansion leading to formation of new granular duct cells (Table 3 ). The changes in the patterns of labeled cells over the several weeks of observation were not consistent with "streaming" as the mechanism for shifting cells from the undifferentiated to differentiated compartments. In the mouse submandibular gland, there was no impression of intercalated duct cell movement, but rather what appeared to be analogous to a "wave" of differentiation along the ducts (Chai et a!, 1993; Denny et al, 1993a) .
In contrast to the submandibular gland, throughout development of the rat parotid gland, the cells in secretory end-pieces exhibit a much higher rate of proliferation than any other cell type (Fig. 5) , whether relatively undifferentiated in the end-buds during the perinatal period, or as they progress to being fully differentiated acinar cells after the animals are weaned (Redman, 1995; Figs. 6, 7 In this situation, the lost gland is not replaced, but there are often compensatory changes in the remaining contralateral gland. Extirpation of one rat submandibular gland leads to enlargement primarily of the granular ducts in the other gland, with the actual compensatory proliferative activity taking place in the intercalated ducts rather than the granular ducts . Presumably, the source of the observed effect on the granular ducts is differentiation of progeny of the stem cells located in the intercalated ducts. On the other hand, extirpation of one parotid gland in mice also leads to enlargement of the other parotid gland, but most of the compensatory proliferation occurs among the acinar cells (Sans and Galanti, 1979) .
(3) RECOVERY FOLLOWING SALIVARY GLAND DUCT OBSTRUCTION Ligation of the main excretory ducts of salivary glands brings about marked atrophy of all cell types, most noticeably the acini and, in rodent submandibular glands, the granular ducts. In the rat submandibular gland, the dedifferentiation of all cell types has been carefully documented (Tamarin, 1971a,b) . When the ligature was removed after 31 days, regeneration proceeded regionally as lumens redeveloped in the ducts. Interestingly, regeneration in this model recapitulated the perinatal and post-pubertal stages of gland development (lacoby and Leeson, 1959; Ball and Redman, 1984; Ball, 1993) both morphologically and chronologically, but with the most likely source of cells for the regenerating acini being the dedifferentiated acinar cells themselves. In a short-term study (five days following ligation), granular duct and basal cells of the excretory ducts had the highest proliferative activity, as demonstrated by both 3H-thymidine uptake and proliferating cell nuclear antigen (PCNA) immunohistochemistry (Sumitomo et al., 1995) . Acinar dedifferentiation also has been shown to occur after main duct ligation in the rat parotid gland (Donath et al., 1973; Leake et al., 1974) , although in another study cell death reportedly destroyed the acini after five days in this model (Walker and Gobe, 1987 (Johnson, 1987; Arias and Bendayan,1991), but also to be relatively intolerant of decreased oxygen and nutrients (Rye et al., 1980; Quissell et al., 1994) . Therefore, whether they atrophied or died in the cited duct ligature experiments might well have depended on the degree to which the blood and nerve supplies were obstructed by the ligature.
(4) SALIVARY GLAND RESPONSE TO CHEMICAL INJURY Ethionine has been shown to cause destruction of many of the parotid and submandibular acinar cells in rats (Ulmansky et al., 1969; Leeb, 1978) . In the parotid, the surviving acinar cells then proliferate and restore the acini within two weeks (Leeb, 1978 (Cherry and Glucksmann, 1959; Sholley et al., 1974; Sodicoff et al., 1974; Abok et al., 1984) . Regeneration of acini can occur after the minor damage caused by mild to moderate (e.g., from 600 to 1600 rad) doses, but after heavy (greater than 6000 rad) irradiation, the acini of the parotid gland all but disappear. The mucous acini of the sublingual and seromucous acini of submandibular glands suffer less extensive degeneration and necrosis, and partly recover. Thus, with ionizing radiation, the extent to which acini can regenerate also seems to be dependent on the number of acini that survive.
(I) Relationships among Cell Proliferation, Cell Lineages, and Neoplasia It is widely accepted that the carcinogenic potential of viral and chemical agents and ionizing radiation is most effective in dividing cells, particularly during DNA synthesis. Thus, accurate knowledge of the proliferative capacity and plasticity of the different types of salivary gland cells during development, regeneration, and repair is essential to the formulation of useful theories on the histogenesis of salivary gland neoplasms. In this regard, Dardick and his colleagues have made an important effort to bring fresh data and ideas to the attention of the oral and general pathology communities (Dardick and Burford-Mason, 1993 ). In particular, there is merit to their suggestion that the cell type(s) expressed in a neoplasm do not necessarily reflect the cell type(s) which were affected by carcinogenetic initiation and promotion, including less differentiated progenitors. To elaborate with a hypothetical example: Initiation might occur in cells in the terminal buds of embryonic glands or the acini of developing glands. Months or years later, some of the affected cells and their progeny, following migration to and redifferentiation into duct cells, would be subjected to carcinogenetic promotion during regeneration after injury, e.g., sialadenitis from partial ductal obstruction. Subsequently, a neoplasm would seem to have arisen from ductal cells.
(K) Opportunities for Further Investigation An underlying motive for the production of this review was to provide a background for future studies of salivary gland development that eventually would lead to bio-management of salivary gland malfunctions and diseases whose origins lie in the parenchymal cells themselves. From examples in this review, it should be apparent that, as a system, the salivary glands offer opportunities for the study of fundamental developmental mechanisms as well. These would have broad application for study of the development of other glands and tissues. For instance, cell-type-specific expression of a protein in two different salivary gland types, in contrast to expression of a common protein in different cell types in the same two different glands, provides the opportunity for identification and study of the interaction of gland-typeand cell-type-specific control elements. Is there an archtypical salivary gland genotype upon which the control systems leading to diversity in the three gland phenotypes have been superimposed? An understanding of the control elements leading to gland formation might help us to address this possibility. We know of nothing that has been reported regarding the activities of morphogenetic genes which directly lead to site specification and determination of the three salivary gland types. This, too, would be an informative avenue of investigation.
In terms of the potential for the use of cellular replacement to "repair" salivary gland insufficiency or damage caused by certain diseases, the question now is not as much whether salivary glands have this potential but rather, what stimulus would provoke the appropriate repair response. Mature parenchymal cell proliferation and dedifferentiation as well as redifferentiation and stem cell activity have all been demonstrated in adult glands. The observations that stem cells produce acinar cells and new acini in adult females and not in adult males, but produce granular duct cells in both, indicate that there are mechanisms for controlling rates of proliferation as well as stem cell activity and direction. Thus, the issue is, what are the underlying mechanisms and how can they be manipulated externally?
There are several fundamental issues about cell turnover in salivary glands that prevent our full understanding of parenchymal cell population dynamics. Proliferation is only one side of the cell turnover equation. Apoptosis (cell death) is the other. There is virtually nothing known about this in salivary glands. Other fundamental issues are the lengths of segments of the cell cycle in mature parenchymal cells, especially S, G2, and M. Variations in the lengths of these stages of the cycle have the potential to affect validity of interpretation of comparisons between and among cell populations. There is also the question of the significance of binucleate, polyploid, or G2 arrested acinar cells. All are represented in salivary glands (see Denny and Denny, 1993) .
In conclusion, although the present review contains a substantial amount of information and has cited numerous studies, it is by no means exhaustive, because time and space constraints prevented us from discussing all aspects of salivary gland development. It has been our intent to provide perspective, but lacking many answers, we hope that at least the questions will now be viewed more clearly.
